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Summary
Background:  Studies  investigating  the  association  between  diurnal  cortisol  rhythm  and
behavioural  problems  in  young  children  have  yielded  inconsistent  results.  We  tested  the  hypoth-
esis that  variations  in  diurnal  cortisol  rhythm  in  pre-schoolers  are  already  related  to  problem
behaviour  early  in  life  with  a  cross-sectional  and  longitudinal  design.
Methods:  This  study  was  embedded  in  Generation  R,  a  population-based  cohort  from  foetal  life
onwards. Parents  collected  saliva  samples  from  their  infant  at  5  moments  during  1  day.  In  322
infants aged  12—20  months,  we  determined  the  diurnal  cortisol  rhythm  by  calculating  the  area
under the  curve  (AUC),  the  cortisol  awakening  response  (CAR),  and  the  diurnal  slope.  Problem
behaviour  was  assessed  at  ages  1.5  and  3  years  with  the  Child  Behavior  Checklist/1.5—5  years.
Results: No  cross-sectional  associations  between  the  cortisol  composite  measures  and  problem
behaviour  were  found  at  1.5  years.  However,  cortisol  predicted  change  in  internalizing  problems
as assessed  from  1.5  to  3  years,  but  not  change  in  externalizing  problems.  Children  with  higher
AUC levels,  ﬂatter  slopes  and  a  more  positive  CAR  at  baseline  were  more  likely  to  score  higher
Abbreviations: AUC, area under the curve; CAR, cortisol awakening response; CBCL, Child Behavior Checklist.
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on  the  Internalizing  Problems  scale  (  per  nmol/L  AUC:  0.08,  95%  CI:  0.00;  0.17,  p  =  0.04;    per
nmol/L/h  slope:  0.57,  95%  CI:  0.17;  0.98,  p  =  0.006;    per  nmol/L  CAR:  0.04,  95%  CI:  0.01;  0.08,
p =  0.02)  at  follow-up.
Conclusions:  Variations  in  diurnal  cortisol  rhythm  are  associated  with  change  in  internalizing
problems  in  pre-schoolers.  The  results  suggest  that  variations  in  diurnal  cortisol  patterns  early
in life  precede  internalizing  problems.
© 2014  Elsevier  Ltd.  All  rights  reserved.
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els  in  relation  to  internalizing  and  externalizing  problems  to
understand  the  speciﬁcity  of  any  observed  relation.1. Introduction
The  relationship  between  regulation  of  the  hypothalamic-
pituitary-adrenocortical  (HPA)  axis  and  behavioural  prob-
lems  in  children  has  been  studied  repeatedly,  as  discussed
by  Granger  and  Kivlighan  (2003)  and  Jessop  and  Turner-Cobb
(2008).  Cortisol,  the  hormonal  end-product  of  the  HPA-axis,
is  important  for  a  wide  variety  of  adaptive  functions  and
is  released  in  response  to  stressors.  This  hormone  is  also
involved  in  numerous  essential  bodily  functioning  involving
energy  metabolism  and  immunology  (de  Kloet,  2003).  Cor-
tisol  shows  a  diurnal  pattern  characterized  by  post-waking
peak  cortisol  levels  (cortisol  awakening  response)  and  subse-
quent  declining  cortisol  levels  throughout  the  day  in  healthy
adults  (Edwards  et  al.,  2001).
It  is  important  to  know  if  the  developing  HPA  axis  in  young
children  is  already  related  to  internalizing  and  externalizing
problems  early  in  life.  In  adults  and  adolescents  variations  in
the  HPA  axis  co-occur  with  many  psychiatric  disorders  such
as  major  depression,  bipolar  disorder  and  PTSD  (Yehuda  and
Seckl,  2011;  Spijker  and  van  Rossum,  2012).  Thus  studying
the  relationship  between  HPA  axis  and  problem  behaviour
in  young  children  can  unravel  the  corresponding  temporal
sequence.  Moreover,  many  of  these  severe  psychiatric  dis-
orders  ﬁnd  their  origin  in  childhood  (see  for  example  review
by  Wilkinson  and  Goodyer,  2011).  Also,  the  concept  of  the
allostatic  load  model  (McEwen  and  Stellar,  1993)  suggests
that  individuals  raised  in  a  more  stressful  environment  accu-
mulate  biological  consequences,  such  as  alterations  in  the
HPA  axis,  resulting  in  higher  risk  for  maladaptive  behaviour.
Internalizing  and  externalizing  problems  in  young  chil-
dren  were  found  moderately  stable  (Smith  et  al.,  2004;
Bufferd  et  al.,  2012)  and  also  predictive  of  later  maladap-
tive  behavioural  outcomes  (Keenan  et  al.,  1998;  Bayer  et  al.,
2010).  Early  childhood  or  infancy  is  a  developmental  period
of  rapid  growth  in  neurological,  physical,  and  emotional
systems.  Further  according  to  the  allostatic  load  model,
adverse  environmental  effects  are  thought  to  have  a  last-
ing  impact  exceeding  the  infancy  period.  These  adverse
effects  affect  the  infant’s  frontal  brain  activity  (Dawson
et  al.,  2003),  which  is  involved  in  emotion  regulation  and
inhibition  of  inappropriate  responses,  and  also  on  HPA  axis
activity  (Francis  et  al.,  1996),  which  is  involved  in  cortisol
regulation.
The  diurnal  cortisol  rhythm  is  not  present  at  birth,  but
emerges  during  the  ﬁrst  18  months  of  life.  Watamura  et  al.
(2004)  even  posited  that  there  is  an  on-going  maturation
of  the  HPA  axis  up  to  the  third  year  of  life.  Although  diur-
nal  cortisol  levels  have  been  associated  with  internalizing
and  externalizing  problems  or  a  higher  problem  score  in
pre-schoolers,  the  results  of  different  studies  show  some
o
e
bnconsistencies.  de  Haan  et  al.  (1998)  found  in  2-year-old
hildren  that  midmorning  cortisol  levels  were  positively  cor-
elated  with  internalizing  problem  scores  and  that  changes
n  these  cortisol  levels  after  starting  preschool  were  pos-
tively  associated  with  externalizing  problem  scores.  The
tudy  of  Scher  et  al.  (2010)  showed  that  in  12—36  month  old
hildren  elevated  awakening  cortisol  levels  were  positively
ssociated  with  internalizing  problem  scores  but  not  with
xternalizing  problem  scores.  The  study  of  Ouellet-Morin
t  al.  (2010)  showed  with  a  cross-sectional  and  longitu-
inal  design  that  (after  1  year)  there  was  no  association
etween  basal  cortisol  levels  and  internalizing  and  exter-
alizing  problem  scores  in  3-year  olds.
There  are  several  explanations  for  these  discrepant
esults.  First,  the  assessments  used  to  characterize  the  diur-
al  cortisol  rhythm  differed  in  the  studies.  For  example,  the
tudy  of  de  Haan  et  al.  (1998)  collected  one  saliva  sam-
le  midmorning,  whereas  Essex  et  al.  (2002)  collected  one
aliva  sample  between  1500  h  and  1900  h  on  at  least  two
f  three  consecutive  days  to  characterize  the  diurnal  corti-
ol  rhythm.  In  the  study  of  Dougherty  et  al.  (2009)  parents
ere  instructed  to  collect  their  child’s  saliva  30  min  after
wakening  and  30  min  before  bedtime.  The  latter  instruc-
ion  was  also  used  in  the  studies  of  Ouellet-Morin  et  al.
2010)  and  Scher  et  al.  (2010).  As  timing  of  sampling  and
umber  of  samples  during  the  day  differed  the  results  of
hese  and  other  studies  are  difﬁcult  to  compare.  To  obtain
 good  representation  of  the  diurnal  cortisol  rhythm  it  is
mportant  to  sample  at  least  on  three  or  four  different  time
oints  during  the  day  (Adam  and  Kumari,  2009),  as  was  done
n  the  study  by  Watamura  et  al.  (2004).  But  not  only  differ-
nces  in  timing  of  sampling  can  be  found,  differences  in  the
ay  summary  measures  are  deﬁned  also  make  results  hard
o  compare.  Second,  most  studies  in  pre-schoolers  relat-
ng  diurnal  cortisol  levels  to  internalizing  and  externalizing
roblems  are  cross-sectional  in  design  (e.g.  Watamura  et  al.,
004;  Scher  et  al.,  2010).  To  assess  the  directionality  of
he  relationship  between  diurnal  cortisol  levels  and  problem
ehaviour  it  is  important  for  studies  to  have  a  longitudi-
al  design.  Ideally  internalizing  and  externalizing  problems
t  baseline  are  accounted  for  in  such  longitudinal  studies
o  reduce  the  possibility  of  reversed  causality.  Third,  some
tudies  only  focused  on  externalizing  problems  (see  meta-
nalysis  of  Alink  et  al.,  2008)  and  did  not  assess  internalizing
roblems  as  well.  It  is  important  to  study  diurnal  cortisol  lev-Although  there  are  methodological  problems  in  research
n  cortisol  levels  and  child  development,  there  is  good
vidence  linking  variations  in  diurnal  patterns  to  problem
ehaviour.  Both  the  studies  of  the  de  Haan  et  al.  (1998)
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nd  Scher  et  al.  (2010)  showed  that  higher  cortisol  lev-
ls  were  positively  correlated  to  internalizing  problems.
n  school-aged  children,  Cicchetti  et  al.  (2010)  found  that
hildren  with  more  internalizing  symptoms  exhibited  an
ttenuated  diurnal  decrease  in  cortisol.  In  adolescents,
hirtcliff  and  Essex  (2008)  showed  that  high  cortisol  levels
redicted  internalizing  problems  2  years  later.  Also,  Adam
t  al.  (2010)  demonstrated  that  in  adolescents  a higher
ortisol  awakening  response  predicted  major  depressive  dis-
rder.  Thus,  diurnal  cortisol  patterns  indicative  of  higher
PA  axis  activity  have  been  prospectively  related  to  inter-
alizing  symptoms  during  different  developmental  periods.
he  relationship  of  diurnal  cortisol  patterns  with  exter-
alizing  problems  seems  less  clear.  HPA  axis  hypoactivity
as  been  related  to  higher  levels  of  callous-unemotional
raits  and  externalizing  problems  as  antisocial  behaviour;
owever  Hawes  et  al.  (2009)  pointed  out  that  this  associa-
ion  may  be  characteristic  for  a  particular  severe  subgroup
nly.  The  meta-analysis  of  Alink  et  al.  (2008)  suggests  that
he  relationship  between  basal  cortisol  levels  and  external-
zing  problems  is  moderated  by  age  during  development.
ower  basal  cortisol  levels  (hyporeactivity)  were  associated
ith  externalizing  problems  in  elementary  school-aged  chil-
ren,  while  this  was  the  case  for  higher  basal  cortisol  levels
hyperreactivity)  in  pre-schoolers.
To  study  the  association  between  diurnal  cortisol  pat-
erns  and  behavioural  problems  early  in  life  we  used  a
opulation-based  sample.  This  offers  the  opportunity  to
tudy  developmental  patterns  in  normally  developing  chil-
ren.  We  focused  on  the  diurnal  rhythm  and  collected
everal  saliva  samples  for  cortisol  assessment  throughout
he  day.  Several  pre-deﬁned  summary  measures  were  used
o  assess  different  aspects  of  the  diurnal  cortisol  rhythm.
easuring  diurnal  cortisol  levels  in  the  home  environment
llows  less  control  than  in  the  laboratory,  but  deﬁning  com-
osite  cortisol  measures  reduces  the  situational  effects  and
eﬂects  the  functioning  of  the  HPA  axis  in  everyday  life
etter  (Saxbe,  2008).  Internalizing  and  externalizing  prob-
ems  were  measured  repeatedly,  that  is  at  baseline  and
ollow-up.  Our  hypothesis  is  that  variations  in  diurnal  pat-
erns  signalling  hyperactivity  of  the  HPA  axis  precede  higher
cores  on  problem  behaviour.  More  speciﬁcally  we  postu-
ate  that  diurnal  cortisol  patterns  indicative  of  higher  HPA
xis  activity  during  the  day  precede  more  internalizing  and
xternalizing  problems.
. Methods
.1.  Setting
his  study  was  conducted  in  a  subsample  of  the  Generation
 Study,  a  cohort  study  investigating  growth,  development
nd  health  from  foetal  life  onwards  in  Rotterdam,  the
etherlands.  The  cohort  has  been  described  in  detail  else-
here  (Jaddoe  et  al.,  2012;  Tiemeier  et  al.,  2012).  The
eneration  R  Focus  Study,  a  subcohort  within  the  Genera-
ion  R  Study,  is  conducted  to  obtain  detailed  measurements
f  the  child’s  development  in  an  ethnically  homogeneous
ubgroup  to  exclude  confounding  or  effect  modiﬁcation
y  ethnicity.  Only  children  of  Dutch  national  origin  were
ncluded  in  this  group,  i.e.  the  children,  their  parents  and
f
f
t
oN.S.  Saridjan  et  al.
heir  grandparents  were  all  born  in  the  Netherlands.  The
articipating  children  were  born  between  February  2003
nd  August  2005.  The  children  visited  the  research  centre
egularly  for  various  somatic  and  behavioural  assessments.
ritten  informed  consent  was  obtained  from  all  partici-
ants.  The  study  has  been  approved  by  the  Medical  Ethical
ommittee  of  the  Erasmus  Medical  Center,  Rotterdam.
.2.  Study  population
or  the  current  study,  children  who  visited  the  research  cen-
re  for  the  Focus  Study  around  14  months  were  eligible  for
ssessment  of  the  diurnal  cortisol  proﬁle.  Parents  of  602  chil-
ren  who  attended  the  Focus  Cohort  examination  returned
ne  or  more  saliva  samples.  Of  these,  236  children  had  to
e  excluded,  because  in  these  children  less  than  two  morn-
ng  samples  or  less  than  three  samples  during  the  day  were
btained,  which  is  insufﬁcient  to  compute  a cortisol  com-
osite  measure.  The  area  under  the  curve  was  calculated  in
77  children,  the  diurnal  cortisol  slope  in  297  children  and
he  cortisol  awakening  response  in  314  children.  For  366  chil-
ren  at  least  one  of  these  cortisol  composite  measures  could
e  computed.
Information  on  problem  behaviour  at  age  18  months  was
vailable  in  345  children  (94%  of  366).  At  age  36  months,
nformation  on  problem  behaviour  was  available  in  332  chil-
ren  (91%  of  366).  This  resulted  in  a  total  of  322  children
88%  of  366)  that  were  included  in  one  or  more  analyses  of
he  relation  between  cortisol  and  problem  behaviour.
.3.  Salivary  cortisol  measurements
n  extensive  description  of  the  cortisol  measurement
nd  analysis  was  presented  previously  (Saridjan  et  al.,
010).  Prior  to  the  Focus  Study  visit  at  14  months,  parents
ere  instructed  to  collect  ﬁve  saliva  samples  at  home
sing  Salivette  sampling  devices  (Sarstedt,  Rommelsdorf,
ermany).  Parents  received  detailed  written  instructions
ith  pictures  concerning  the  saliva  sampling.  These  saliva
amples  were  collected  during  one  single  weekday:  immedi-
tely  after  awakening,  30  min  later,  around  noon,  between
500  h  and  1600  h,  and  at  bedtime.  Supplement  Table  4  gives
n  overview  over  this  schedule.  Parents  were  asked  not  to
et  their  infant  eat  or  drink  30  min  before  saliva  sampling
o  avoid  disturbances  of  the  cortisol  levels.  Besides  these
estrictions,  the  infants  were  free  to  follow  their  normal
aily  routines  on  the  sampling  day.  Parents  were  asked  to
ecord  information  about  sampling  times  on  the  Salivette
ubes  as  well  as  on  an  enclosed  schematic  form  (see  Sup-
lement  Table  4  for  mean  sampling  times).  On  these  forms
arents  were  asked  to  add  information  about  napping  time
nd  food  intake.  Between  97.9%  and  99.3%  of  the  parents
eported  not  feeding  their  child  30  min  before  sampling.  This
igh  adherence  to  the  protocol  makes  it  unlikely  that  feeding
ractice  inﬂuenced  the  results.  The  Salivettes  were  gath-
red  at  the  laboratory  of  the  Department  of  Epidemiology
t  the  Erasmus  MC,  where  the  samples  were  centrifuged  and
rozen  at  −80 ◦C.  After  completion  of  the  data  collection,  all
rozen  samples  were  sent  on  dry  ice  in  one  batch  by  courier
o  the  laboratory  of  the  Department  of  Biological  Psychol-
gy  laboratory  at  the  Technical  University  of  Dresden  for
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cDiurnal  cortisol  rhythm  and  internalizing  problems  in  pre-sc
analysis.  Salivary  cortisol  concentrations  were  measured
using  a  commercial  immunoassay  with  chemiluminescence
detection  (CLIA;  IBL  Hamburg,  Germany).  Intra-  and
interassay  coefﬁcients  of  variation  were  below  7%  and  9%,
respectively.
Supplementary  Table  4  related  to  this  article  can  be
found,  in  the  online  version,  at  http://dx.doi.org/10.
1016/j.psyneuen.2014.08.008.
For  each  time  point,  cortisol  values  that  were  above  the
99th  percentile  (>200  nmol/L)  were  excluded  (n  =  18,  out-
liers  from  12  children)  from  the  analysis  to  reduce  impact
of  outliers.  Although  values  >44  nmol/L  or  3—4  SD  above  the
mean  at  each  sampling  time  have  been  excluded  in  previous
studies  (Gunnar  and  White,  2001;  Gunnar  and  Talge,  2007),
because  of  positively  skewed  distributions  we  used  the  99th
percentile,  equaling  2.5  SD  after  Z-standardizing  the  cortisol
values,  per  time  point.  Our  procedure  for  exclusion  of  out-
liers  was  also  used  by  Dekker  et  al.  (2008).  Excluding  values
>44  nmol/L  (n  =  12)  did  not  change  our  results.
We  calculated  three  composite  variables  of  the  sepa-
rate  cortisol  measurements  within  a  day:  the  area  under
the  curve  (AUC),  the  diurnal  cortisol  slope  and  the  corti-
sol  awakening  response  (CAR).  These  independent  variables
characterize  different  aspects  of  the  HPA  axis  activity.  The
AUC  was  used  as  a  measure  of  total  cortisol  secretion  dur-
ing  the  day  (from  awakening  in  the  morning  until  bedtime  in
the  evening).  It  was  determined  by  the  total  area  under  the
curve  given  by  the  cortisol  measurements  in  nmol/L  on  the  y-
axis  and  the  time  between  the  cortisol  measurements  on  the
x-axis,  in  the  same  way  as  previously  described  by  Pruessner
et  al.  (2003)  using  the  formula  for  calculating  the  area  under
the  curve  with  respect  to  the  ground.  To  correct  for  differ-
ences  in  length  of  total  sampling  interval  time,  the  AUC  was
divided  by  number  of  hours  between  the  ﬁrst  cortisol  mea-
surement  at  awakening  and  the  last  cortisol  measurement
before  going  to  bed.  The  AUC  was  computed  only  for  those
who  collected  at  least  three  saliva  samples.  Sleeping  hours
during  the  day  were  not  associated  with  the  AUC.
The  diurnal  cortisol  slope  was  used  as  a  measure  of  the
diurnal  cortisol  decline.  It  was  calculated  by  ﬁtting  a  linear
regression  line  for  each  child,  which  predicted  the  cortisol
values  from  time  since  awakening.  The  slope  was  computed
by  using  the  ﬁrst  saliva  sample  and  at  least  two  other  cortisol
time  point  measures.  To  avoid  any  effect  of  the  CAR  (Adam
et  al.,  2006),  the  second  cortisol  sample  (30  min  after  awak-
ening)  was  not  included  in  this  measure  of  the  slope.  Flatter
slopes,  as  indexed  by  less  negative  betas,  imply  a  slower
cortisol  decline  during  the  day.  This  can  be  due  to  relatively
lower  morning  cortisol  levels  or  relatively  higher  levels  in
the  afternoon  or  evening.  To  determine  the  inﬂuence  of  the
ﬁrst  and  last  cortisol  levels  on  the  slope,  the  correlation
between  these  cortisol  levels  and  the  slope  was  analysed.
The  CAR  was  also  used  as  an  index  of  the  HPA  axis  activ-
ity.  It  was  calculated  as  the  difference  between  the  cortisol
value  at  awakening  and  the  value  30  min  after  awakening
(Kunz-Ebrecht  et  al.,  2004).  The  CAR  was  only  calculated  if
the  cortisol  value  30  min  after  awakening  was  taken  between
15  min  and  60  min  after  awakening.  95%  of  the  parents
reported  to  have  sampled  the  ﬁrst  saliva  sample  immedi-
ately  or  within  15  min  after  awakening.  In  a  previous  study,
we  also  found  that  on  average  the  CAR  of  children  aged  14
months  was  negative.  As  older  children  in  this  sample  were
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ore  likely  to  have  a positive  CAR,  this  probably  reﬂects
aturation  of  the  HPA-axis  (Saridjan  et  al.,  2010).
.4.  Child  internalizing  and  externalizing  problems
t  age  18  and  30  months  parents  received  postal  ques-
ionnaires  to  assess  their  child’s  problem  behaviour.  The
hild  Behavior  Checklist  (Achenbach  and  Rescorla,  2000)  for
oddlers  (ages  18  months  to  5  years)  was  used  to  obtain
tandardized  parental  reports  of  children’s  internalizing  and
xternalizing  problems.  This  questionnaire  contains  99  prob-
em  items,  which  are  scored  with  regard  to  7  empirically
ased  syndromes  that  were  derived  by  factor  analyses:
motionally  Reactive,  Anxious/Depressed.  Somatic  Com-
laints,  Withdrawn,  Sleep  Problems,  Attention  Problems,
nd  Aggressive  Behavior.  The  summary  Internalizing  scale
s  a  summary  score  for  items  on  the  ﬁrst  4  syndrome  scales,
nd  the  Externalizing  scale  is  a  summary  score  for  Attention
roblems  and  Aggressive  Behavior.  Each  item  is  scored  0,  1,
r  2  (0  =  not  true,  1  =  somewhat  or  sometimes  true,  2  =  very
rue  or  often  true)  on  the  basis  of  the  child’s  behaviour  dur-
ng  the  preceding  2  months.  Higher  scores  indicated  more
roblems.  Good  reliability  and  validity  have  been  reported
or  the  CBCL  (Achenbach  and  Rescorla,  2000).  The  internal
onsistency  of  the  Internalizing  scale  at  18  months  in  this
ample  was  ˛  =  0.72,  and  ˛  =  0.88  for  the  Externalizing  scale.
t  36  months  this  was  ˛  =  0.75  and  0.89,  respectively.  Out-
iers  were  deﬁned  as  scores  below  the  0.1  or  higher  than  the
9.9  percentile  and  were  excluded  (n  =  9  children)  to  meet
odel  assumptions.  In  our  study  population  3.3%  of  the  chil-
ren  fell  in  the  borderline  range  and  no  child  was  in  the
linical  range  of  internalizing  problems  at  age  18  months.
or  externalizing  problems  the  percentages  were  respec-
ively  10.7%  and  2.6%  at  18  months.  At  36  months,  3.7%  of
he  children  fell  in  the  borderline  range  and  0.3%  in  the  clin-
cal  range  of  internalizing  problems,  while  5.3%  fell  in  the
orderline  range  and  1.3%  in  the  clinical  range  for  external-
zing  problems.  The  cut-off  scores  were  derived  according
o  Achenbach’s  manual  and  based  on  Dutch  norms  according
o  Tick  et  al.  (2007).
.5.  Assessment  of  covariates
he  choice  of  potential  confounders  was  determined  a  pri-
ri  and  based  on  earlier  literature.  Socio-economic  status
nd  lifestyle  related  variables  (maternal  educational  level,
aternal  smoking  during  pregnancy),  obstetric  and  neona-
al  variables  (parity,  gestational  age  at  birth,  birth  weight,
pgar  score  5  min  after  birth)  and  other  known  determinants
f  (mother’  reported)  infant  behavioural  problems  (mater-
al  age,  maternal  distress  during  pregnancy,  infant  gender,
nfant  age,  maternal  parenting  stress  at  18  months)  were
onsidered  as  possible  confounders  (Gutteling  et  al.,  2005;
aridjan  et  al.,  2010).
Maternal  age,  maternal  educational  level,  and  parity
ere  determined  at  enrolment  using  self-report.  Edu-
ational  level  was  categorized  in  three  levels:  low  (no
r  primary  education,  and  lower  vocational  training),
iddle  (intermediate  and  higher  vocational  training)  and
igh  education  (university  or  higher).  Information  about
aternal  smoking  was  obtained  by  postal  questionnaires
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322  
uring  pregnancy.  Mothers  were  classiﬁed  as  smokers  or
on-smokers  during  pregnancy.
Date  of  birth,  gestational  age  at  birth,  birth  weight,
pgar  score  5  min  after  birth,  and  gender  of  the  infant  were
btained  from  community  midwife  and  hospital  registries  at
irth.
Maternal  psychiatric  symptoms  during  pregnancy  were
ssessed  using  the  Brief  Symptom  Inventory  (BSI),  a vali-
ated  53-item  (5-point  scale)  self-report  symptom  inventory
utlined  to  ascertain  the  psychological  state  of  individuals
Derogatis  and  Melisaratos,  1983).  Of  the  322  mothers  in  our
tudy  population,  305  completed  the  BSI.  The  mean  total
core  of  the  BSI,  the  Global  Severity  Index  (GSI)  and  indi-
ator  of  current  psychological  distress  levels,  was  obtained
y  dividing  the  sum  score  by  the  numbers  of  completed
tems.  The  internal  consistency  of  the  GSI  in  this  sample
as  ˛  =  0.92.
Maternal  parenting  stress  was  measured  by  the
ijmeegse  Ouderlijke  Stress  Index-Kort  (NOSIK;  de  Brock
t  al.,  1992),  the  Dutch  version  of  the  Parenting  Stress
ndex-Short  Form.  The  NOSIK  comprises  25  questions  on
wo  domains:  parenting  stress  due  to  parental  factors  and
arenting  stress  due  to  child  factors.  Only  the  11  items  of
he  parental  domain  were  used  in  the  present  analyses.  In
ur  sample  312  mothers  competed  these  items  from  the
OSIK.  Items  were  assessed  on  a  four-point  Likert  scale.
ollowing  the  manual  (de  Brock  et  al.,  1992),  scores  were
ummed  and  divided  by  the  number  of  completed  items.
igher  scores  indicate  greater  levels  of  stress.  The  NOSIK
as  good  reliability  (Cronbach’s  alpha  =  .95)  and  validity  (de
rock  et  al.,  1992).  Internal  reliability  for  the  11  items  in
he  current  study,  measured  by  Cronbach’s  alpha,  was  0.69.
.6.  Statistical  analyses
n  the  non-response  analysis  we  compared  the  maternal  and
hild  characteristics  of  our  study  population  with  the  char-
cteristics  of  the  mothers  and  infants  with  no  information
n  the  cortisol  composite  measures  and  problem  behaviour.
he  following  statistical  tests  were  used  in  the  non-response
nalyses  to  compare  the  children  included  in  the  analyses
o  the  children  who  were  excluded  because  of  missing  data:
ndependent  t-tests  for  continuous  variables  approaching  a
ormal  distribution,  Mann—Whitney  U  tests  for  continuous
on-normally  distributed  variables,  and  chi-square  statistics
or  categorical  variables.  Analyses  of  missing  data  showed
hat  children  without  information  on  the  cortisol  compos-
te  measures  and  without  information  on  their  problem
ehaviour  were  more  often  girls  (52.9%  vs.  42.5%,  chi-
quare  =  6.39,  df  =  1,  p  =  0.01)  and  had  lower  Apgar  scores
 min  after  birth  (Apgar  score  below  8:  9.0%  vs.  4.8%,  chi-
quare  =  4.21,  df  =  1,  p  =  0.04).  The  non-responding  children
ere  more  likely  to  have  less  educated  mothers  as  well
%  low  educational  level:  11.6%  vs.  6.3%,  chi-square  =  5.26,
f  =  1,  p  =  0.02).  However,  these  children  did  not  differ  in  any
ther  characteristics  from  the  children  in  our  study  popula-
ion.The  computed  variables  AUC,  slope  and  CAR,  and  the
BCL  scores  showed  a  slightly  skewed  distribution.  We  did
ot  transform  these  variables  since  regression  residuals
ere  normally  distributed  and  this  makes  interpretation  of
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he  results  more  straight-forward.  The  correlation  between
BCL  scores  at  18  months  and  36  months  was  tested  for
oth  the  Internalizing  and  Externalizing  scale  scores  using
pearman’s  correlation  coefﬁcient.
We  used  linear  regression  models  to  test  the  associa-
ions  between  the  composite  variables  of  cortisol  and  the
BCL  Internalizing  and  Externalizing  scale  scores.  First,  we
ested  the  associations  adjusting  for  age  at  cortisol  samp-
ing,  gender  and  for  age  at  CBCL  measurement  (age  and
ender  adjusted  analyses).  In  the  ﬁnal  models  we  addition-
lly  adjusted  for  maternal  age,  maternal  educational  level,
aternal  psychological  problems  during  pregnancy,  mater-
al  smoking  during  pregnancy,  parity,  gestational  age  at
irth,  and  maternal  parenting  stress  at  18  months.  We  did
ot  include  birth  weight  and  Apgar  score  in  our  models,  since
hese  covariates  did  not  change  the  effect  estimates  mean-
ngfully  (<5%).  Percentages  of  missing  values  on  covariates
anged  from  0%  to  5.3%.  For  missing  values  on  continuous
ariables  the  median  value  was  imputed  and  for  missing  val-
es  on  categorical  variables  the  median  category  was  used
or  imputation.  In  the  longitudinal  analyses  with  the  Inter-
alizing  and  Externalizing  Problem  scores  at  36  months  as  an
utcome,  CBCL  score  at  18  months  were  also  added  to  the
odels  to  correct  for  initial  values  at  18  months  and  thereby
esting  the  associations  between  the  composite  variables
f  cortisol  and  the  change  in  reported  problem  behaviour.
n  an  alternative  approach  to  test  stability  of  results,  we
ested  the  relation  of  cortisol  measures  delta-scores  (dif-
erence  scores  between  36  and  18  months)  of  Internalizing
nd  Externalizing  scale  scores  with  linear  regression  mod-
ls.  Delta-scores,  however,  do  not  account  for  the  level  of
roblem  scores  (the  same  absolute  change  occurs  at  low  and
igh  levels  of  problems).
Additionally  adjusting  for  time  of  waking  did  not  change
esults;  therefore  we  did  not  include  time  of  waking  in
ur  ﬁnal  models.  Also,  we  performed  a  sensitivity  analy-
is  by  calculating  the  AUC  more  conservatively  by  including
nly  children  with  at  least  four  saliva  samples  and  again
y  including  only  children  with  all  ﬁve  samples.  Next  we
eran  the  analyses  of  the  CAR  by  including  only  those  who
rovided  information  that  the  ﬁrst  sample  was  taken  within
0  min  after  awakening  and  the  second  sample  was  obtained
etween  30  and  45  min  after  the  ﬁrst  sample,  which  led  to
 reduction  of  the  n  to  177  because  of  non-compliance  and
issing  data.  This  exclusion  reduced  the  power  by  more  than
0%  (data  not  shown).
Also,  the  interaction  between  the  cortisol  composite
easures  and  gender  was  tested.  In  post  hoc  analyses  we
ested  the  associations  between  the  composite  cortisol  vari-
bles  and  the  subscales  of  the  CBCL  Internalizing  scale
cores  (emotionally-reactive,  anxious-depressed,  somatic
omplaints,  withdrawn).  All  statistical  analyses  were  per-
ormed  with  the  Statistical  Package  for  the  Social  Sciences
ersion  17.0  for  Windows  (SPSS  Inc,  Chicago,  IL,  USA).
. Resultsable  1  presents  the  characteristics  of  the  participating
others  and  children.  57.5%  of  this  sample  was  male.  Mater-
al  distress  during  pregnancy  did  not  differ  between  girls
nd  boys  (Mann—Whitney  Z  =  −1.18,  df  =  1,  p  =  0.24),  but
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Table  1  Subject  characteristics.
Total  N  =  322  Mean  ±  SD  (range)  or  %
Maternal  characteristics
Age  (years)  32.0  ±  3.6  (21.0—43.3)
Educational  level
Low  20  6.3
Middle 170  53.3
High 129  40.4
Smoking during  pregnancy  (%  yes) 34  10.6
Psychiatric symptoms  (GSI-score) 0.16  ±  0.18  (0.00—1.67)
Parity (%  nulliparous) 193  59.9
Parenting stress  at  18  months  (Nosik-score) 0.23  ±  0.26  (0.00—1.82)
Child characteristics
Gender  (%  boy)  185  57.5
Gestational age  at  birth  (weeks)  40.1  ±  1.56  (34.4—42.9)
Birth weight  (grams) 3530  ±  505  (1960—4795)
Apgar-score  5  min  after  birth 9.6  ±  0.6  (5—10)
Age of  cortisol  sampling  (months) 14.4  ±  1.0  (11.7—19.3)
Cortisol values
AUC  (nmol/L) 247  8.27  ±  4.5  (0.21;  27.83)
Slope (nmol/L/h) 265  −1.03  ±  8.3  (−3.82;  2.91)
CAR (nmol/L) 267  −1.73  ±  9.3  (−19.7;  37.6)
Problem behaviour  at  18  months
Internalizing  problems  scale 307  3.86  ±  3.3  (0.00—16.0)
Externalizing  problems  scale 309  9.95  ±  6.4  (0.00—31.00)
Problem behaviour  at  36  months
Internalizing  problems  scale 321  4.02  ±  3.5  (0.00—17.0)
Externalizing  problems  scale  320  8.16  ±  5.9  (0.00—30.0)
Values are means ± standard deviations (range) for continuous variables, and percentages for categorical variables.
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ﬂGSI = Global Severity Index of the Brief Symptom Inventory, me
AUC = Area under the curve; CAR = Cortisol awakening response.
perceived  parenting  stress  at  18  months  was  lower  in  girls
than  in  boys  (median  =  0.10  in  girls  vs.  median  =  0.18  in  boys,
Mann—Whitney  Z  =  −2.11,  df  =  1,  p  =  0.035).  The  following
median  cortisol  values  were  observed  at  the  different  time
points  during  the  day:  at  awakening  15.21  nmol/L  (range:
0.08—51.03),  30  min  after  awakening  13.05  nmol/L  (range:
0.07—55.56),  at  noon  5.45  nmol/L  (range:  0.05—47.30),
around  1600  h  4.94  nmol/L  (range:  0.21—40.48)  and  at  bed-
time  2.05  nmol/L  (range:  0.09—58.50).  These  cortisol  values
and  cortisol  composite  measures  did  not  differ  between  girls
and  boys.  On  average,  the  children  in  our  study  did  not  show
a  rise  of  cortisol  after  awakening  (mean  CAR  −2.64  nmol/L,
range:  −19.7;  37.6).  There  was  a  correlation  between  the
Internalizing  Problem  scale  scores  at  18  and  36  months
(Spearman’s  rho:  0.48,  p  <  0.001),  and  between  the  Exter-
nalizing  Problem  scores  at  18  and  36  months  (Spearman’s
rho:  0.56,  p  <  0.001).  Also,  the  Internalizing  Problem  scale
scores  at  18  months  were  correlated  to  the  Externalizing
Problem  scale  scores  (Spearman’s  rho:  0.61,  p  <  0.0001);
this  was  also  observed  at  36  months  (Spearman’s  rho:  0.64,
p  <  0.0001).  The  scores  on  the  Externalizing  Problems  scale
at  18  months  were  signiﬁcantly  different  between  girls
and  boys  (median  =  8.17  in  girls  vs.  median  =  10.0  in  boys,
Mann—Whitney  Z  =  −2.13,  df  =  1,  p  =  0.03).
Table  2  shows  the  cross-sectional  associations  between
the  diurnal  cortisol  rhythm  and  problem  behaviour  reported
m
s
0ed during pregnancy; Nosik = Nijmegen Parenting Stress Index;
t  18  months.  As  none  of  the  interactions  between  gender
nd  the  different  cortisol  composite  measures  were  signiﬁ-
ant,  the  results  are  shown  for  girls  and  boys  together.  The
UC,  the  slope  and  the  CAR  at  14  months  were  not  asso-
iated  with  Internalizing  Problem  scores  at  18  months  (see
able  2  for  details).  Likewise,  there  were  no  associations
etween  the  cortisol  composite  measures  and  the  External-
zing  Problem  scores  (see  Table  2  for  details).
Table  3  presents  the  associations  between  the  diurnal
ortisol  rhythm  at  baseline  and  problem  behaviour  reported
t  36  months.  In  the  age  and  gender  adjusted  analyses,
he  associations  just  fell  short  of  reaching  the  level  of  sig-
iﬁcance  (  per  nmol/L  AUC:  0.09,  95%  CI:  −0.00;  0.19,
 =  0.06;    per  nmol/L/h  slope:  0.42,  95%  CI:  −0.07;  0.98,
 =  0.09;    per  nmol/L  CAR:  0.04,  95%  CI:  −0.00;  0.09,
 =  0.07;  see  also  Supplement  Table  1).  Supplement  Table  3
hows  the  association  of  several  important  confounders  with
nternalizing  and  externalizing  problems.  After  additionally
djusting  for  CBCL  scores  at  18  months  as  well  as  potential
onfounding  factors,  associations  between  the  diurnal  cor-
isol  rhythm  and  the  Internalizing  Problem  scores  reported
t  36  months  were  found.  Children  with  higher  AUC  levels,
atter  slopes  and  a  more  positive  CAR  at  14  months  were
ore  likely  to  score  higher  on  the  Internalizing  Problems
cale  at  36  months  (  per  nmol/L  AUC:  0.08,  95%  CI:  0.00;
.17,  p  =  0.04;    per  nmol/L/h  slope:  0.57,  95%  CI:  0.17;
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Table  2  Cross-sectional  associations  between  cortisol  composite  measures  and  behavioural  problems  at  18  months.
Cortisol  measures  CBCL  broadband  scales
Internalizing  problemsa Externalizing  problemsa
N  Beta  (95%  CI)  p  N  Beta  (95%  CI)  p
AUC  (nmol/L) 260  −0.01  (−0.10;  0.09) 0.91 261  0.02  (−0.15;  0.19) 0.81
Slope (nmol/L/h)  280  −0.15  (−0.65;  0.34)  0.54  282  −0.03  (−0.92;  0.87)  0.96
CAR (nmol/L)  295  −0.03  (−0.07;  0.01)  0.20  296  −0.01  (−0.08;  0.07)  0.84
a Models adjusted for age at cortisol sampling, age of CBCL measurement at 18 months, gender, maternal age, maternal educational
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stress at 18 months.
.98,  p  =  0.006;    per  nmol/L  CAR:  0.04,  95%  CI:  0.01;  0.08,
 =  0.02).  The  associations  between  the  cortisol  composite
easures  and  Internalizing  Problem  scores  adjusted  for  con-
ounders  but  not  for  baseline  Internalizing  Problem  scores
t  18  months,  however,  were  very  similar  (see  Supplement
able  1).
Supplementary  Tables  1  and  3  related  to  this  article  can
e  found,  in  the  online  version,  at  http://dx.doi.org/10.
016/j.psyneuen.2014.08.008.
The  sensitivity  analyses  testing  the  associations  between
he  cortisol  composite  measures  and  delta-scores  of  the
nternalizing  and  Externalizing  Problem  scores,  showed  very
imilar  results  (see  Supplement  Table  2  and  Fig.  1  ).  Both
he  slope  and  the  CAR  predict  the  difference  in  Internaliz-
ng  score  from  baseline  to  follow-up,  in  particular  the  slope
howed  a  very  clear  dose-response  pattern.  In  the  sensitivity
nalyses  calculating  the  AUC  only  in  children  who  provided
t  least  four  saliva  samples  and  again  in  those  without
ny  missing  samples,  the  results  for  Internalizing  Problem
cores  remained  essentially  unchanged.  However,  they  no
onger  reached  the  same  level  of  signiﬁcance  in  the  latter
odel  because  of  a  smaller  sample  size  (4  samples:    per
mol/L  AUC:  0.07,  95%  CI:  −0.02;  0.15,  p  =  0.12;  5  samples:
 per  nmol/L  AUC:  0.07,  95%  CI:  −0.03;  0.16,  p  =  0.19).  The
ssociation  between  AUC  and  Externalizing  Problem  scores
ecame  signiﬁcant  in  those  who  provided  all  samples  (5  sam-
les:    per  nmol/L  AUC:  0.15,  95%  CI:  0.00;  0.31,  p  =  0.05;
I
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Table  3  Longitudinal  associations  between  cortisol  composite  m
Cortisol  measures  Child  problem  behaviour
Internalizing  problemsa
N  Beta  (95%  CI)  p  R2
AUC  (nmol/L)  246  0.08  (0.00;  0.17)  0.04* 0.351  
Slope (nmol/L/h)  264  0.57  (0.17;  0.98)  0.006** 0.372  
CAR (nmol/L)  275  0.04  (0.01;  0.08)  0.02* 0.307  
a Models adjusted for age at cortisol sampling, CBCL score at 18 month
maternal age, maternal educational level, maternal distress during pr
age at birth, and maternal parenting stress at 18 months.
R2 = adjusted R Square for fully adjusted models; F2 = Cohen’s F-Square
* Signiﬁcant at the 0.05 level.
** Signiﬁcant at the 0.01 level.egnancy, parity, gestational age at birth, and maternal parenting
 samples:    per  nmol/L  AUC:  0.08,  95%  CI:  −0.05;  0.21,
 = 0.23).
Supplementary  Table  2  related  to  this  article  can  be
ound,  in  the  online  version,  at  http://dx.doi.org/10.
016/j.psyneuen.2014.08.008.
By  calculating  the  CAR  only  in  those  with  documented
ompliance,  the  sample  size  was  reduced  to  177  and  the
ssociation  with  Internalizing  Problem  Scores  was  no  longer
igniﬁcant  (  per  nmol/L  CAR:  0.02,  95%  CI:  −0.02;  0.07,
 = 0.31).  None  of  the  interactions  between  gender  and  the
ifferent  cortisol  measures  were  signiﬁcant  with  one  excep-
ion.  Gender  moderated  the  association  between  the  slope
nd  internalizing  problems.  After  stratifying  for  gender,  the
lope  was  positively  associated  with  the  Internalizing  Prob-
em  scores  reported  at  36  months  in  girls  (  per  nmol/L/h
lope:  0.90,  95%  CI:  0.32;  1.49,  p  =  0.003)  but  not  in  boys
data  not  shown).
In  contrast,  we  found  no  association  between  the  cor-
isol  composite  measures,  i.e.  AUC,  slopes  and  CAR  with
xternalizing  Problem  scores  (see  Table  3  for  details).
Post  hoc  analyses  showed  that  the  CAR  was  positively
ssociated  with  the  anxious-depressed  subscale  of  the
nternalizing  Problems  scale  (  per  nmol/L  CAR:  0.02,  95%
I:  0.01;  0.03,  p  =  0.005)  and  that  the  AUC  was  positively
ssociated  with  the  somatic  complaints  subscale  of  the
nternalizing  Problems  scale  (  per  nmol/L  AUC:  0.06,
5%  CI:  0.02;  0.09,  p  =  0.003).  However,  when  corrected
easures  and  behavioural  problems  at  36  months.
Externalizing  problemsa
F2 N  Beta  (95%  CI)  p  R2 F2
0.541  245  0.10  (−0.03;  0.23)  0.14  0.400  0.667
0.592  263  0.42  (−0.26;  1.10)  0.23  0.416  0.712
0.443  274  0.03  (−0.03;  0.09)  0.33  0.366  0.577
s (continuously), gender, age of CBCL measurement at 36 months,
egnancy, maternal smoking during pregnancy, parity, gestational
 effect size.
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Figure  1  (A)  Association  between  AUC  at  baseline  and
difference  scores  in  child  problem  behaviour  from  baseline  to
follow-up.  Per  quintile  of  AUC  at  baseline,  the  mean  change
in internalizing  problems  is  calculated  and  compared  with  the
change of  problems  in  the  lowest  quintile  of  AUC  (reference)
using ANCOVA  adjusted  for  age  at  cortisol  sampling,  gender,
age of  CBCL  measurement  at  36  months,  maternal  age,  mater-
nal educational  level,  maternal  distress  during  pregnancy,
maternal  smoking  during  pregnancy,  parity,  gestational  age  at
birth,  and  maternal  parenting  stress  at  18  months.  The  mean
change in  internalizing  problems  in  the  reference  group  over
time was  0.25.  (B)  Association  between  slope  at  baseline  and
difference  scores  in  child  problem  behaviour  from  baseline  to
follow-up.
for  multiple  testing,  only  the  latter  association  remained
signiﬁcant  (p  =  0.003  <  p  =  0.05/12).
4.  Discussion
This  prospective  study  showed  that  higher  HPA  axis  activity
during  the  day  in  infants  predicted  higher  internalizing  prob-
lem  scores  in  the  pre-school  age.  Children  with  higher  AUC
levels,  ﬂatter  slopes  or  a  more  positive  CAR  were  more  likely
to  have  higher  scores  on  internalizing  problem  behaviour  at
36  months.  Findings  were  largely  similar  in  boys  and  girls.
To  our  knowledge  this  is  one  of  the  few  population-based
studies  to  assess  diurnal  HPA  axis  activity  at  an  early  age  in
relation  to  internalizing  or  externalizing  problems.  Impor-
tantly,  this  design  enabled  us  to  study  temporal  sequence  of
the  relation  between  diurnal  cortisol  patterns  and  problem
behaviour  and  reduced  the  possibility  of  reversed  causality.
Also,  our  results  contribute  to  the  few  studies  in  young  chil-
dren  with  a  longitudinal  design  (e.g.  Smider  et  al.,  2002),
and  to  those  with  repeated  measurement  of  internalizing
and  externalizing  problems  over  a  6-month  period  (Gunnar
et  al.,  2011).
Although  we  observed  no  cross-sectional  association
between  the  diurnal  cortisol  rhythm  and  internalizing  prob-
lems  at  18  months,  we  found  that  higher  HPA  axis  activity
during  the  day  at  14  months  was  related  to  a  signiﬁcant
change  of  internalizing  problems  with  higher  levels  at  36
months.  Our  results  are  in  line  with  the  prospective  study  of
Smider  et  al.  (2002),  who  found  that  in  boys  higher  afternoon
cortisol  levels  at  age  4.5  years  predicted  more  internal-
izing  symptoms  1.5  years  later.  Interestingly  in  4-year-old
children,  high  basal  cortisol  levels  co-occurring  with  higher
internalizing  behaviour  scores  has  been  reported  in  boys  also
in  a  cross-sectional  study  (Pérez-Edgar  et  al.,  2008).  First
we  will  discuss  possible  explanations  for  the  longitudinal
associations  between  infants’  diurnal  cortisol  rhythm  and
internalizing  problems,  in  the  absence  of  signiﬁcant  cross-
sectional  associations.  At  18  months  internalizing  problem
scores  are  much  less  speciﬁc  and  less  stable  than  at  36
Per quintile of slope at baseline, the mean change in internalizing
problems is calculated and compared with the change of problems
in the lowest quintile of slope (reference) using ANCOVA adjusted
for age at cortisol sampling, gender, age of CBCL measurement
at 36 months, maternal age, maternal educational level, mater-
nal distress during pregnancy, maternal smoking during pregnancy,
parity, gestational age at birth, and maternal parenting stress at
18 months. The mean change in internalizing problems in the ref-
erence group over time was −0.66. * Relative difference to the
reference group was signiﬁcant (p < 0.05). (C) Association between
CAR at baseline and difference scores in child problem behaviour
from baseline to follow-up. Per quintile of CAR at baseline, the mean
change in internalizing problems is calculated and compared with
the change of problems in the lowest quintile of CAR (reference)
using ANCOVA adjusted for age at cortisol sampling, gender, age of
CBCL measurement at 36 months, maternal age, maternal educa-
tional level, maternal distress during pregnancy, maternal smoking
during pregnancy, parity, gestational age at birth, and maternal
parenting stress at 18 months. The mean change in internalizing
problems in the reference group over time was −0.88. * Relative
difference to the reference group was signiﬁcant (p < 0.05).
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onths  (Rose  et  al.,  1989).  Since  18  months  is  at  the  very
ottom  of  the  standardization  range  for  the  CBCL,  it  is
onceivable  that  persistent  behavioural  patterns,  although
resent,  are  not  yet  clearly  recognized  by  the  parent  or
aregiver.  The  moderate  to  high  correlation  between  the
nternalizing  scores  at  18  and  at  36  months,  however,  sug-
ests  that  other  factors  may  account  for  these  results.
lternatively,  a  bi-directional  relation  between  cortisol  and
nternalizing  problems  could  explain  our  observations.  If
he  direction  of  the  association  between  internalizing  prob-
ems  and  cortisol  levels  is  in  opposite  direction  (i.e.  high
nternalizing  problem  scores  lead  to  reduced  cortisol  lev-
ls  in  some  infants)  the  overall  observed  association  in  the
ross-sectional  models  at  18  months  would  be  diluted  (but
ot  the  baseline  adjusted  longitudinal  association).  Given
he  lack  of  research  in  the  age  group  of  our  participants
trong  bi-directional  effects  remain  speculative,  but  this
llustrates  the  importance  of  adjustment  for  internalizing
roblems  at  baseline.  It  can  never  be  ruled  out  that  the
esults  of  our  study  are  chance  ﬁndings  but  longitudinal
nalyses  with  baseline  assessment  are  certainly  a  powerful
esign  to  detect  associations  because  individual  variations
t  baseline,  which  can  also  reﬂect  confounding,  are  adjusted
or.
There  are  also  several  biological  mechanisms,  which
ake  our  observed  longitudinal  associations  plausible,
nd  constitute  possible  pathways  that  may  underlie  our
ndings.  First,  higher  cortisol  levels  have  been  linked
irectly  to  anxiety  via  activation  in  the  central  nucleus  of
he  amygdala  (MacMillan  et  al.,  2003),  which  is  involved  in
oth  behavioural  inhibition  and  anxiety  (Fox  et  al.,  2005).
owever,  higher  cortisol  levels  can  also  lead  to  physiological
hanges  in  the  body,  which  can  be  experienced  as  stress
nd  therefore  reinforce  anxiety  or  internalizing  problems.
ur  results  showed  that  the  diurnal  cortisol  slope  had  a  par-
icularly  strong  relationship  with  a  change  in  internalizing
roblem  scores.  As  ﬂatter  cortisol  slopes  have  been  asso-
iated  with  chronic  stress  in  healthy  children  (Wolf  et  al.,
008),  this  may  explain  our  ﬁndings.  Second,  prenatal  and
ostnatal  stress  can  negatively  inﬂuence  brain  development
nd  thereby  also  HPA  activity.  Several  brain  regions,  such  as
he  frontal  cortex  and  fusiform  gyrus  (see  review  by  Nosarti,
013)  have  been  implicated  in  internalizing  behaviour  and
eurodevelopmental  changes  due  to  stress  are  a  possible
xplanation  for  our  ﬁndings.  This  concept  has  been  referred
o  as  the  allostatic  load  model  (McEwen  and  Stellar,  1993).
agan  integrated  this  concept  with  the  well-established
sychobiological  model  of  internalizing  problems  (Kagan
t  al.,  1984)  when  he  demonstrated  increased  morning
ortisol  levels  in  behaviourally  inhibited  children  (Kagan
t  al.,  1987).  More  recently  Buss  et  al.  (2011)  showed  that
ncreased  allostatic  load,  measured  by  cumulative  indices
in  which  ﬂatter  diurnal  cortisol  slopes  were  included),  was
elated  to  more  internalizing  problems  in  young  children.
lso  the  study  of  Ruttle  et  al.  (2011)  showed  different
elationships  between  morning  cortisol  levels  and  internal-
zing  problems  analysed  concurrently  and  longitudinally  in
dolescents.  In  concurrent  analyses  internalizing  problems
ere  associated  with  hyperactivity  of  the  HPA  axis,  whereas
n  longitudinal  analyses  internalizing  problems  predicted
ypoactivity.  These  ﬁndings  provide  a  strong  case  for
esting  the  temporal  relation  between  HPA  axis  activity
s
t
o
aN.S.  Saridjan  et  al.
nd  internalizing  problems  in  both  directions  at  different
ges.  Third,  a  genetic  predisposition  could  underlie  the
bserved  association.  It  is  conceivable  that  variants  of  genes
nvolved  in  brain  or  endocrine  development,  such  as  the
erotonin  transporter  gene  with  its  well  documented  role  in
nternalizing  problems  and  HPA  axis  activity  in  humans  (see
or  example  Goodyer  et  al.,  2010),  give  rise  to  individual
ifferences  in  cortisol  levels  and  directly  or  indirectly
lso  lead  to  more  internalizing  problems.  This  remains
peculative,  cortisol  levels  and  internalizing  problems
re  moderately  heritable  but  molecular  genetic  variances
nﬂuencing  cortisol  levels  or  internalizing  problems  have  not
een  reliably  demonstrated.  A  fourth  explanation  for  our
ndings  is  the  possible  effect  of  unmeasured  confounders
n  our  models.  For  example  socio-economic  status  or  con-
urrent  daily  stressors  such  as  family  stress  can  inﬂuence
nternalizing  problems  and  cortisol  levels  and  affect  the
elation  between  HPA  activity  and  internalizing  problems.
lthough  we  cannot  rule  out  the  inﬂuence  of  residual  con-
ounding,  we  tried  to  minimize  the  effect  of  confounding
y  adjusting  our  models  with  several  possible  indicators  of
ocio-economic  background  and  child  development.
In  our  study  we  did  not  ﬁnd  differences  between  boys  and
irls  in  the  associations  of  the  cortisol  composite  measures
ith  internalizing  problem  scores.  There  was  one  exception,
irls,  but  not  boys,  with  a  more  positive  cortisol  slope  at  14
onths  (i.e.  less  decline  during  the  day)  had  higher  internal-
zing  problem  scores  at  36  months.  Our  ﬁndings  are  in  line
ith  the  study  of  Kryski  et  al.  (2013),  who  found  elevated
ortisol  reactivity  only  in  girls,  and  suggested  that  corti-
ol  reactivity  to  stress  in  early  childhood  has  a  sex-speciﬁc
ssociation  with  girls’  internalizing  symptoms.
In  this  study  we  found  no  relationship  between  diur-
al  cortisol  rhythm  and  externalizing  problem  behaviour  in
re-schoolers.  Although  the  effect  of  cortisol  patterns  on
xternalizing  and  internalizing  problem  scores  did  not  differ
reatly,  our  hypothesis  that  diurnal  patterns  demonstrating
igher  HPA  axis  activity  predict  more  externalizing  prob-
ems  was  not  supported  by  our  ﬁndings.  Our  results  are  in
ine  with  the  ﬁndings  of  the  prospective  study  of  Ouellet-
orin  et  al.  (2010),  who  also  found  no  association  between
ortisol  levels  and  externalizing  problem  scores.  However,
he  meta-analysis  of  Alink  et  al.  (2008)  suggests  that  higher
asal  cortisol  levels  are  associated  with  more  externalizing
roblems  in  pre-schoolers.  Possibly  our  study  did  not  have
nough  power  to  ﬁnd  a  relationship  between  diurnal  corti-
ol  levels  and  externalizing  problem  scores.  If  not  a  chance
nding,  the  observed  association  of  HPA  axis  activity  and
nternalizing  problems  may  reﬂect  that  internalizing  prob-
ems  are  more  reliable  at  young  ages.  Internalizing  problems
n  toddlers  have  been  found  to  be  more  stable  as  com-
ared  with  externalizing  problems  (Achenbach  and  Rescorla,
000).  Another  explanation  could  be  that  externalizing  prob-
ems  are  inﬂuenced  more  by  environmental  risk  factors  such
s  low  socio-economic  status  and  poverty  as  compared  with
nternalizing  problems  in  young  children  (Costello  et  al.,
003).
The  strengths  of  our  study  are  the  large  population-based
ample  and  the  prospective  design.  Yet,  some  limitations  of
he  current  study  need  to  be  considered.  First,  the  sampling
f  saliva  occurred  only  on  one  single  day,  so  day-to-day  vari-
bility  could  not  be  taken  into  account  (Hellhammer  et  al.,
hoole
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2007).  However,  to  ask  parents  participating  in  a  large  cohort
with  multiple  other  assessments  to  sample  on  several  days
increases  the  risk  of  drop-out  or  non-response.  Second,  the
compliance  of  the  saliva  sampling  was  not  assessed  by  an
objective  measurement  such  as  a  timing  device,  for  this  we
relied  on  parental  report.  As  can  be  seen  from  the  sensitiv-
ity  analyses,  our  approach  to  include  children  from  families
who  did  not  adhere  well  to  the  protocol  increased  the  power
but  can  also  introduce  noise  to  the  calculation  of  the  CAR
and  the  AUC.  Importantly,  the  associations  largely  remained
very  similar.  Furthermore,  we  relied  on  parental  report  for
our  problem  behaviour  outcome  measures.  However,  good
reliability  and  validity  have  been  reported  for  the  question-
naire  we  used  to  determine  problem  behaviour  (Achenbach
and  Rescorla,  2000).  Another  aspect,  relevant  for  clinicians
who  diagnose  child  psychiatric  disorders,  is  that  we  did  not
use  clinical  cut-off  scores  for  problem  behaviour  in  our  study.
This  maximizes  power  and  avoids  the  relying  on  cut-offs
deﬁned  arbitrarily  or  by  convention.  Our  analyses  of  missing
data  showed  that  attrition  was  not  at  random.  There  was  a
selective  dropout  of  girls,  children  with  lower  Apgar  scores
and  children  of  lower  educated  mothers.  Due  to  possible
selection  effects,  our  results  may  be  less  representative  of
the  general  population.
In  conclusion,  our  study  shows  that  variations  in  diur-
nal  cortisol  rhythm  are  longitudinally  associated  with  the
change  in  internalizing  problems  in  pre-schoolers.  The  study
highlights  the  importance  of  longitudinal  studies  that  can
unravel  temporal  sequence.  Our  results  suggest  that  varia-
tions  in  diurnal  cortisol  patterns  are  a  cause  rather  than  a
consequence  of  internalizing  problems  in  young  children.
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